Abstract: A Solar Tower Aided Coal-fired Power (STACP) system utilizes a solar tower coupled to a conventional coal-fired power system to reduce pollutants, greenhouse gas emissions and the investment of solar energy facilities. This paper examines three different schemes for integrating solar energy into a conventional boiler. For each scheme, an energy and exergy analysis of a 600 MWe supercritical coalfired power system is combined with 53 MWth of solar energy in both a fuel saving mode and a power boosting mode. The results show that, for all these integration schemes, the boiler's efficiency and system's efficiency are reduced. However, the standard coal consumption rate is lower in comparison to conventional power plants and the standard coal consumption rate in the fuel saving mode is lower than in the power boosting mode for all three schemes. Comprehensively considering both the standard coal consumption rate and efficiency, the scheme that uses solar energy to heat superheated steam and subcooled feed-water is the best integration option. Compared with a coal-fired only system, the saved standard coal consumption rate of the above mentioned scheme in fuel saving mode and power boosting mode can reach up to 11.15 g/kWh and 11.11 g/kWh, respectively. Exergy analysis shows, for STACP system, exergy losses of boiler and solar field contribute over 88% of whole system's exergy loss.
performance of the SACP system based on the all-condition mechanism model of the SACP system [1] .
Hong et al. demonstrated the performance behaviors of a 330 MWe SACP plant under off-design conditions by applying the derived expressions of the conversion of solar energy into power [18] . From the economic aspect, Wu et al. explored the annual economic performance of the SACP system under different tracking modes, aperture areas, and storage capacities [19] . Adibhatla et al. used an energy, exergy, economic and environmental (4E) method to analyze the SACP system [20] . Wang et al. optimized the solar multiple for a SACP system from the technical and economic aspects, the results showed that the efficiencies in the region of 13-20% can be achieved and the reduction in the levelized cost of electricity was in the region of 0.7-1.1 ￥/kWh [21] . Various ways of evaluating SACP systems have been used. Zhai et al. evaluated the SACP system using a life cycle assessment method [22] . Peng et al. evaluated the system using an energy-utilization diagram methodology [23] . Zhai et al. proposed an evaluation method named solar contribution evaluation method, based on the second law of thermodynamics and exergy balance, and distinguished the difference of exergy efficiency between solar and coal in the SACP system [24] . Hou et al. proposed a new evaluation method of solar contribution in a SACP system based on exergy analysis [25] .
In combining solar energy with the evaporation and superheating areas, due to the high temperature of steam/water in the boiler, solar tower technology is an ideal option to consider. Zhang et al. proposed two schemes of the solar tower aided coal-fired power (STACP) system, where the standard coal consumption rate could be reduced by more than 17 g/kWh and a flue gas bypass was introduced to avoid high thermal stress across its support frame [26] . In their following work, the annual performance of the two schemes with thermal energy storage, using a single-tank thermocline technology, were investigated.
Results showed that the solar power efficiency was around 16-20% [27] . Zhu et al. applied exergy and advanced exergetic analysis methods to a STACP system and found maximum exergy loss occurs in the boiler (53.5%), followed by the solar field (26%) [28] . Then, they studied the annual performance of a STACP system and found that the annual average coal consumption rate of STACP system is 27.3 g/kWh lower than that of coal-fired power system and the annual average CO2 emission rate of STACP system is reduced by 10.1% compared with that of coal-fired power system [29] .
There has been much researches regarding solar energy integration to preheat feed-water, and limited efforts have been made on integrating solar energy with evaporation and super-heating. Because of the temperatures involved and the need to improve the cycle efficiency, the temperatures available from a solar tower system are more suitable to utilize with evaporators and super-heaters in a conventional boiler system. In this paper, three different schemes for integrating solar energy into a boiler are proposed under either a fuel saving mode or a power boosting mode with same solar energy input. In scheme 1, solar energy is used to heat part of the superheat steam. In scheme 2, solar energy is used to heat part of the feed-water and superheat steam. In scheme 3, solar energy is used to heat part of the feedwater, superheat and reheat steam. Both fuel saving and power boosting modes share the same system configuration, and the only difference between these two operation modes is the coal consumption input.
In the fuel saving mode the overall power output is kept constant, and coal input to the power system is reduced when solar energy is available. In the power boosting mode, additional power is produced, and coal input to the power system is constant when solar energy is available. A total of 6 cases are studied in this paper and the following abbreviations are used to refer to each: scheme 1 in fuel saving mode (FS1), scheme 1 in power boosting mode (PB1), scheme 2 in fuel saving mode (FS2), scheme 2 in power boosting mode (PB2), scheme 3 in fuel saving mode (FS3), and scheme 3 in power boosting mode (PB3).
This study has three main novel features in comparison to our own studies [28] : (1) The boiler model is established in detail instead of treating it as a "black box". (2) The performances of the three different integration schemes under both fuel saving mode and power boosting mode are investigated and compared from both energy and exergy aspects. (3) Sankey diagrams are incorporated to analyze and compare the exergy performance between coal-fired power system, FS2 and PB2.
System description
2.1 Solar tower aided coal-fired power system Fig. 1 shows a schematic of the STACP system, which contains the solar field and the coal-fired power plant. The solar field is composed of many heliostats, a solar tower, a columnar receiver, and a heat exchanger. In the solar field, solar energy is reflected onto a receiver that is at the top of the tower by the heliostats. Molten salt passes through the receiver to absorb the solar energy and the thermal energy of the molten salt is then transferred to the steam/water cycle in separate heat exchangers. The molten salt used in this study is a mixture of 60wt % NaNO3 and 40wt % KNO3. The thermal properties of the molten salt are a function of temperature as follows [30] : 
Methodology

Energy and exergy analysis
In this study, mass, energy and exergy balances are used to analyze the STACP system. The energy and exergy analysis of the whole STACP system can be carried out by combining the analysis of each subsystem. To simplify the calculations, some important assumptions in the analysis are considered:
(a) The system operates at a steady-state with a constant direct normal irradiance (DNI).
(b) Pressure drop and heat losses in pipelines are not considered.
(c) The ambient temperature is 25 ℃ and the ambient pressure is 1 atm.
For certain equipment, the energy balance and exergy balance can be presented as follows:
Where, E is the obtained energy, MW; E is the disbursed energy of an equipment, MW; E is the energy loss, MW; Ex is the obtained exergy, MW; Ex is the disbursed exergy of an equipment, MW; Ex is the exergy loss, MW.
The exergy at a specific state can be obtained by:
Where, m is the mass flow rate of the fluid, kg/s; ex is the specific exergy, kJ/kg; h and h0 are the specific enthalpy at a specific state and ambient state, kJ/kg; T is the ambient temperature, K; s and s0 are the specific entropy at a specific state and ambient state, kJ /(kg K).
Model development
Heliostat model
Heliostat field consists of many independently controlled heliostats, which can reflect the sun rays to the receiver at the top of the solar tower. The thermal energy reflected to the receiver can be calculated
as:
Where, E is the solar energy reflected by the heliostats, MW; η is the heliostat efficiency, which is set to 58.71% in this study [31] ; E is the solar energy falling on the heliostats, MW, and can be calculated by:
Where, is the total mirror area of the heliostat field, m 2 , which is set to 1.45×10 5 ; DNI is direct normal irradiance, W/m 2 , which is set to 700.
The energy balance and exergy balance can be expressed as:
Where, E , is the energy loss caused by the heliostat field, MW; Ex is the exergy falling on the heliostats, MW; Ex is the exergy reflected by the heliostats, MW; Ex , is the exergy loss caused by the heliostat field, MW.
Ex and Ex can be obtained by:
Where, T is the apparent sun temperature as an exergy source and taken to be 4500 K [32] .
Receiver model
The receiver is located at the top of the solar tower. The working temperature of the molten salt used in this study can be suitable up to 600 ℃ [33] , and, in this study, the temperature of molten salt out of the receiver is set at 580 ℃. The energy balance and exergy balance for the receiver are as follows:
Where, E is energy absorbed by the molten salt in the receiver, MW; E , is the energy loss in the receiver, MW; η is the receiver efficiency and is set to 89.16% [31] . Ex is exergy absorbed by the molten salt in the receiver, MW; Ex , is the exergy loss in the receiver, MW. The useful energy and exergy absorbed by the molten salt can be calculated by:
Where, m is the mass flow rate of molten salt passing through the receiver, kg/s; h , and h , are the specific enthalpy of molten salt in/out of the receiver, kJ/ kg; ex , and ex , are the specific exergy of molten salt in/out of the receiver, kJ/ kg, which can be calculated by Eq. (6).
Molten salt heat exchanger model
In the molten salt heat exchanger, the temperature of steam/water will increase by absorbing the energy released by the molten salt. The energy balance and exergy balance of the molten salt heat exchanger can be expressed as:
Where, E is the energy released by the molten salt, MW; m is the mass flow rate of molten salt, kg/s; h , and h , are the specific enthalpy of molten salt in/out of heat exchanger respectively, kJ/ kg. Ex is the exergy released by the molten salt, MW; Ex , is the exergy loss in the heat exchanger, MW; ex , and ex , are the specific exergy of molten salt in/out of heat exchanger respectively, kJ/ kg.
The energy and exergy absorbed by working fluid can be obtained by:
Where, E is the energy transferred to the working fluid, MW; m is the mass flow rate of working fluid, kg/s; h , and h , are the specific enthalpy of molten salt in/out of heat exchanger respectively, kJ/ kg. Ex is the exergy transferred to the working fluid, MW; s , and s , are the specific entropy of molten salt in/out of heat exchanger respectively, kJ/(kg K).
Boiler model
The boiler model is calculated based on the method that was proposed by the former Soviet Union in 1973 and was modified in China in 1998 [34] . The logical flow diagram of this calculation is shown in Fig.3 and the properties of the bituminous coal from Guizhou province are shown in Table 1 .
In the furnace, radiative heat transfer is predominant and the heat transfer proportion by convection is very small. Therefore, the heat balance equation for the boiler is as follows:
Where, E is the energy absorbed in the furnace, MW; φ is the heat retention factor；B is the calculated coal consumption rate, kg/s；VC is the mean net heat capacity rate of the combustion products The convective heating surfaces refer to all the heating surfaces in the flue pass beyond the furnace outlet. The radiative heat transfer and convective heat transfer should be considered simultaneously.
The heat balance equations for the convective heating surface are as follows:
For the gas side:
For the working fluid side:
Where, E is the convective heat transferred, kJ/kg; K is the heat transfer coefficient; H is the area of heating surface, m 2 ; ∆t is the logarithmic mean temperature difference, K; h , and h , are the specific enthalpy of flue gas in and out of the heater, kJ/kg; ∆α is the air leakage ratio; h is the specific enthalpy of cold air, kJ/kg; h , and h , are the specific enthalpy of steam in and out of the heater respectively, kJ/kg; E is the radiative heat transferred, kJ/kg.
The energy absorbed in the boiler can be expressed as:
Where, E is the thermal energy absorbed by working fluid in the boiler, MW; m and m are the mass flow rate of the main and reheat steam, kg/s; h is the specific enthalpy of main steam, kJ/kg; h is the specific enthalpy of feed-water, kJ/kg; h , and h , are the specific enthalpy of steam in/out of the re-heater respectively, kJ/kg; 
Where, m is mass flow rate of feed-water from deareator, kg/s; m is mass flow rate of extraction steam in the ith stage, kg/s; τ is the specific enthalpy change of feed-water in the ith heater, kJ/kg; q is specific enthalpy drop of extraction steam in ith heater, kJ/kg; γ is specific enthalpy drop of drain water in the ith heater, kJ/kg.
, , can be obtained as follows:
Where, h is the specific enthalpy of extraction steam for the ith heater, kJ/kg; h , is the specific enthalpy of feed-water at outlet for the ith heater, kJ/kg; h , is the specific enthalpy of drain water in the ith heater, kJ/kg.
In the power boosting operation mode of the STACP system, due to the introduction of solar energy, the mass flow rates of the main and reheat steam will inevitably be affected. Therefore, variable operating conditions should be taken into consideration. To simplify the calculation, the improved Flugel formula is employed in this paper, which is given as [29] : 
Thermal performance evaluation criteria
The thermal efficiency (η ) and exergy efficiency (ε ) are important parameters of the STACP system and can be expressed as:
Where, P is the net power output of the STACP system, MW; E and Ex are the thermal energy and exergy of the coal, MW.
The boiler's thermal efficiency (η ) and exergy efficiency (ε ) can be calculated as:
Where, Ex is the exergy of working fluid absorbed in the boiler, which can be calculated by Eq.
(6).
The standard coal consumption rate can be obtained by:
Where, b is the standard coal consumption rate, g/kWh; LHV is the low heating value of standard coal, which is 29271 kJ/kg.
The CO2 emissions can be calculated by:
Where, Em is the CO2 emission, g/kWh; V is the volume of CO2 for the combustion of 1 kg coal, m 3 /kg [34] ; ρ is the density of CO2, kg/m 3 ; LHV is the low heating value of the coal used in this study, kJ/kg.
Case study
Basic data and model validation
In this paper, a 600 MWe coal-fired power plant in China is selected as the reference system and the boiler, turbine and preheating system models are coded in MATLAB. The design and simulation values of the boiler are shown in Table 2 . The design and simulation values of the turbine and preheating system are listed in Table 3 . From Table 2 and Table 3 , a strong agreement can be seen between the simulation results and the design data, thus, the MATLAB developed model is shown to be reliable enough to use for further analysis. 
Results and discussion
Based on thermodynamic calculation of the boiler and solar field, the temperature ranges and flow rates of molten salt and steam/water are show in Table 4 . In scheme 1, the temperature range of the extracted working fluid is from 428 ℃ to 566 ℃. In scheme 2, the temperature range of the extracted working fluid is from 331 ℃ to 566 ℃. In scheme 3, the temperature range of the extracted working fluid is from 331 ℃ to 566 ℃ for the evaporation/superheating part and from 303 ℃ to 566 ℃ for the reheating part. Table 5 illustrates that, in fuel saving mode, FS2 has the lowest standard coal consumption rate (261.28 g/kWh) with a decrease of 11.15 g/kWh compared with coal-fired power system. The saving in the standard coal consumption rate of FS1 and FS3 are 10.97 g/kWh and 10.91 g/kWh, respectively. In the power boosting mode, PB2 has the biggest power output (625.5 MWe). Therefore, the standard coal consumption rate of PB2 is lowest and declines about 11.11 g/kWh compared with a standard coal-fired power system. From the standard coal consumption rate aspects, the fuel saving mode has demonstrated better performance than the power boosting mode. Due to the different coal consumption rates of these different schemes, the environmental performance, in terms of CO2 emissions, has similar characteristics to the standard coal consumption rate. CO2 emission of a coal-fired power system is 776.11 g/kWh. In From system's efficiency point of view, Table 5 demonstrates that the system's efficiencies of STACP system are lower than those of coal-fired power plant. The reduction of the overall system efficiency is due to the introduction of the solar energy and its relative lower efficiency in comparison to boiler efficiency. For the fuel saving mode, FS2 has the highest energy efficiency and exergy efficiency.
Compared with a coal-fired power system, the energy efficiency and exergy efficiency of FS2 decline 1.54% and 1.16%, respectively. For the power boosting mode, PB2 has the highest energy and exergy efficiencies. Compared with a coal-fired power system, the energy and exergy efficiencies of PB2 decline 1.42% and 1.05%, respectively. For schemes 1 and 2, power boosting mode has higher efficiencies than fuel saving mode. However, scheme 3 shows the opposite situation. Considering all of the above results, scheme 2 is the best integration scheme, this is because the heat exchange process in the furnace, which causes the biggest loss of all the heat exchange processes in the boiler, is partly replaced by heat exchange in the solar field. Table 6 demonstrates the exergy destruction of key components. The same table shows that the exergy losses mainly occur in the boiler and solar field, about 88% of total exergy loss. For both two operation modes, scheme 1 has the highest boiler exergy loss and scheme 2 has the lowest boiler exergy loss. In terms of the solar field, for both operation modes, scheme 3 has the highest exergy loss and scheme 1 has the lowest exergy loss. This is because the temperature range of molten salt in scheme 1 is 460~580 ℃, which is higher than that of scheme 3 (350~580 ℃ and 335~580 ℃). In order to further analyze exergy destruction of key components, a Sankey diagram is shown for a coal-fired power system, FS2 and PB2, seen Fig. 4 . Fig. 4a shows that, the boiler has the maximum exergy loss (50.52%) in the coal-fired power system, which means that about 88.09% of exergy destruction occurs in the boiler. In 
Conclusions
In this paper, three new integration schemes of STACP system are proposed. These three schemes in fuel saving and power boosting mode are analyzed based energy and exergy analysis. The following conclusions are derived from this study:
(1) The standard coal consumption rate and the efficiencies of boiler and system will decrease when solar energy is introduced into the boiler.
(2) The standard coal consumption rate of the fuel saving mode is lower than that of the power boosting mode for all three schemes. Compared with a coal-fired power system, the standard coal consumption rates of FS2 and PB2 decrease by 11.15 g/kWh and 11.11 g/kWh, respectively. (5) For STACP system, the boiler has the highest exergy loss and solar field has the second highest exergy loss. Exergy losses in the boiler and solar field contribute over 88% of whole system's exergy loss.
